Bone-drilling operation necessitates an accurate and efficient surgical drill bit to minimize thermal damage to the bone. This article provides a methodology for predicting the bone temperature elevation during surgical bone drilling and to gain a better understanding on the influences of the point angle, helix angle and web thickness of the drill bit. The proposed approach utilized the normalized Cockroft-Latham damage criterion to predict material cracking in the drilling process. Drilling simulation software DEFORM-3D is used to approximate the bone temperature elevation corresponding to different drill bit geometries. To validate the simulation results, bone temperature elevations were evaluated by comparison with ex vivo bone-drilling process using bovine femurs. The computational results fit well with the ex vivo experiments with respect to different drill geometries. All the investigated drill bit geometries significantly affect bone temperature rise. It is discovered that the thermal osteonecrosis risk regions could be reduced with a point angle of 110°to 140°, a helix angle of 5°to 30°and a web thickness of 5% to 40%. The drilling simulation could accurately estimate the maximum bone temperature elevation for various surgical drill bit point angles, web thickness and helix angles. Looking into the future, this work will lead to the research and redesign of the optimum surgical drill bit to minimize thermal insult during bone-drilling surgeries.
Introduction
Bone-drilling process is fundamental in orthopedic, craniomaxillofacial and neurosurgeries. Drilling of bone could result in the significant rise of temperature to the neighboring bone and periosteum because of the conversion of friction energy to the thermal energy. The excessive elevated temperature could cause negative effects to the viability of the bone cells, and it is acknowledged by the previous researchers.
1,2 Lee et al. 3 reviewed that the heat generated during drilling does not dissipate immediately because of low thermal conductivity, which could initiate thermal necrosis or the death of the bone cells. Therefore, accurate and efficient bone-drilling process is necessary to enable a safe bone surgery operation. The studies on the threshold value of thermal necrosis are inconsistent. Bonfield and Li 4 and Lundskog 5 concluded that bone damage could be induced when temperature exceeds 50°C for 30 s. Later, immediate death of rabbit's cortical bone cells caused by heat at 70°C were demonstrated by Berman et al. 6 in 1983. However, Eriksson and Albrektsson 7 discovered that exposure to the temperature of 47°C for 1 min could cause fat resorption with inconsistent bone damage. The factors influencing temperature elevation in bone drilling have been investigated for many years. [8] [9] [10] The use of cooling system has been recognized to reduce bone temperature elevation and remove bone debris. [11] [12] [13] However, cooling systems could promote infection to the contact surface. 14 Worn drill bits will generate higher bone temperature due to reduce of cutting efficiency. 15, 16 The directly proportional relationship between bone temperature and drilling speed, drilling depth 20, 21 and drill bit diameter 19, 22, 23 has been identified. Increasing feed rate was found to reduce bone temperature due to shorter drilling time. 24 Web thickness has been identified to contribute significantly to the performance of the surgical drill bit. 3 The large number of bone-drilling research conducted should mean that the extensive study on the influences of web thickness has also been conducted in tandem. Surprisingly, apparently, limited attention has been paid to the influence of web thickness on bone temperature elevation. To the author's knowledge, only one published study by Sui et al., 25 discovered that the temperature was inversely proportional with the web thickness. However, their simulation results were lacking agreement with results from experimental bone drilling. Furthermore, there are inconsistent and even contrary results regarding the effect of point angles and helix angles on bone temperature elevation. Lee et al. 26 discovered that increasing the point angle from 70°to 130°c an increase the temperature as much as 66.8%. This finding was later supported by other researchers. 27, 28 Conversely, Augustin et al. 29 revealed that no significant difference in terms of bone temperature elevation when drill bit of 80°, 100°and 120°point angle were used in drilling of porcine femur. Hillery and Shuaib 30 also demonstrated no variation in temperature when drill bits with 70°, 80°and 90°point angle were used in drilling of bovine and human bone. Similar disagreement exists for the influence of helix angle on bone temperature rise. It has been suggested that a small helix angle could optimize orthopedic surgical drill. 31 The idea was supported by study in Lee et al, 26 which revealed that maximum bone temperature decreased from 72.5°C to 51.8°C as the helix angle increased from 12°to 38°. Interestingly, in contrast, Davidson and James 32 investigated the effect of helix angles of 10°, 17°, 24°, 31°and 38°on temperature during simulation of bone drilling and demonstrated that the optimum helix angle appeared to be 38°. However, this simulation results are lacking validation with experiments. Fuchsberger 33 also recommended that the optimal helix angle for low temperature elevation is in the range of 12°to 14°, which also points toward the results work in Davidson and James. 32 Hein et al. 34 revealed that consideration should be given to revise and redesign the surgical drill bit to reduce bone temperature rise. Therefore, the contribution of this study is obvious; the resulting outcomes can be capitalized as the guidelines to design the improved surgical drill bit, which could contribute to the minimum bone temperature elevation. In this study, surgical drill bit and human bone model are developed using finite element software to predict temperature rise in bone drilling. First, the parametric analysis under a wide range of conditions regarding the influence of the point angle, helix angle and web thickness on bone temperature is investigated. Finally, the simulation results are evaluated by comparison with the ex vivo bonedrilling experiments.
Materials and methods

Construction of simulation model
Bone drilling involves complex mechanisms. The synergistic effects of drilling parameters, drill bit geometries and bone properties influence the outcome of this process. Investigation of all these factors by experimental approaches is too costly and hence, we have proposed to better understand the drilling process by using the versatility and powerful approach of finite element analysis (FEM). The finite element analysis (FEA) software, DEFORM-3D (Version 11, Scientific Forming Technologies Corporation, Columbus, Ohio) was used to conduct the drilling simulation.
A stainless steel (AISI 316) drill bit with diameter of 4.5 mm was used to study the influences of tool geometries on bone temperature. This tool's material and size are commonly used in orthopedic drilling. 29, 35 The human cortical thickness is in the range of 0.2 mm to 5.5 mm 36 and, therefore, 5.5 mm thickness bone model was selected for this study. The bone model was constructed as a cylinder with 20 mm diameter to shorten the computation time. The drill bit was directly constructed in the DEFORM-3D and the material properties were imported from DEFORM's library ( Figure  1) . Whereas, the human bone material properties were created manually and imported to the default library. Correspondingly, the drill bit and human bone properties in Table 1 were obtained from the DEFORM's library and previous studies.
9,37-41 Drilling hole depth was fixed at 5.0 mm to avoid the effect of hole depth to the bone temperature elevation. The initial temperature for the drill bit and bone model were 30°C and 37°C, respectively. These values were selected to resemble the ambient temperature of author's current location and normal human bone temperature. The drill bit model was determined as a rigid object and meshed with 0.4 mm element size. Whereas, the bone was meshed with tetrahedron mesh type with size of 0.4 mm and default size ratio of 7. 41 The number of elements for drill bit and bone model were 5315 and 5162, respectively. Higher mesh density was assigned in the cutting zone for more accurate results. The bone model was defined as plastic object, which means that stress increases with strain rates until a threshold strain rate beyond which the bone model deformed plastically. The default flow stress model (equation (1)) was used to represent the human bone constitutive behavior. 
Where e p is plastic strain, _ e p is plastic strain rate, T is temperature, T 0 is room temperature. Moreover, c, n, m, r and y are constant coefficients. Their values were obtained by using curve fitting technique in DEFORM-3D based on the stress-strain curve in Figure 2 .
In this work, FEM software (DEFORM-3D) with Sparse solver and direct iteration was utilized to simulate the bone-drilling process. Drilling simulation was completed in 3660 steps. Each step took 1.7 3 10 24 s, which was proportional to 1.37 3 10 23 mm of cutting depth for each stroke step. The drilling depth was fixed at 5 mm for all drilling simulations. The Lagrangian incremental method was used to simulate chip formation and global remesh method was selected for an accurate resemblance of real bone-drilling process. The automatic remesh was activated when the elements of the human bone were extremely distorted. According to Nalla et al., 44 the human cortical bone's fracture mechanic is consistent with strain-controlled failure, and this can be considered as ductile damage. 42 Therefore, the Cockroft-Latham criterion in equation (2) was used to approximate the chip segmentation and ductile damage in bone-drilling process due to the influence of tensile stress.
Where e eff is the effective fracture strain, d e is the effective strain increment, s eff is the effective stress and s max is the maximum stress. D is the critical damage value, which the element will be deleted when the damage value in the element reaches this value. After that, bone chip is generated. The friction between drill bit and bone was defined in equation (3) .
Where t is frictional shear stress, m is the constant shear friction factor and k is the shear yield stress of working material. In this equation, the frictional shear stress is assumed to be proportional with shear flow stress of working material. From the earlier work, 45 the friction factor of 0.3 has been chosen for this study. In this study, bone model is considered homogenous and isotropic in terms of temperature behavior. This assumption is in agreement with the previous literature. 
Ex vivo bone drilling for validation of simulation results
This study examined the effect of drill bit geometries (point angle, helix angle and web thickness) on the bone temperature elevation. Drilling experiments were performed to validate the results of simulation study. Figure 3 shows a bone-drilling platform consists of milling machine GATE PBM 2000 (the United Kingdom), K-type thermocouples OMEGA Bare-24-K-12 (Japan; -200°C to 1250°C), data logger OMRON ZR-RX25 (Japan), bone clamp and carbide drill bits with customized geometries. The milling machine was equipped with digital readout (DRO) ACU-RITE DRO 200S 3X G EUR (the United Kingdom) with accuracy of 6 0.0001 mm for accurate positioning of the drilling hole. Four thermocouples were embedded at 0.5 mm from the drilling hole at the depth of 4 mm to guarantee the safety of thermocouples. 9 All of the thermocouples were calibrated using dry block calibrator JUPITER 650B (the United Kingdom) and the linearity of the calibration curves were confirmed with the regression curves fit. A thermal conductive paste OMEGATHERM 201 (Malaysia) was used in the thermocouple hole to eliminate air gap. The room temperature was maintained at approximately 31.5°C and hence, the initial temperature of the bovine bone was 31.5°C, which is lower than real temperature of human bone (37°C). Drilling was performed with customized carbide drill bits. The geometries of customized drill bits were listed in Table 2 .
The specimens used for this study were bovine cortical bones due to closeness of resemblance between bovine and human bone. 46 Fresh bovine femurs were obtained from the local slaughterhouse, and no animal was harmed specifically for this study purpose. The outer layer of soft tissues was removed and the middle part (mid-diaphysis) of the femur was cut with the hacksaw (Figure 3) . The tissues were removed to avoid clogging of drill bit flute and deviation of drill bit during the initial entry into the bone. The specimens were cut approximately at 130 to 135 mm length. The cortical thicknesses of the bone samples were approximately 7.5 mm and used for the drilling process within 7 hr after the slaughter. The specimens were fixed with the milling machine vise, and the surface of the bones was milled to produce flat planes (Figure 3 ). With the flat plane, drill bit can penetrate the bone easily and it also functioned as a reference plane for drilling hole depth.
Parametric study was used to compare the bone temperature elevation from simulation study and ex vivo bone-drilling test. For this purpose, a series of carbide drill bits with different geometries were manufactured. From the previous literature, bone temperature was affected by drilling conditions and drill diameter. Therefore, the drilling conditions (rotational speed = 2000 rev/min, feed rate = 0.13 mm/rev and hole depth = 5 mm) and drill diameter (4.5 mm) were kept constant. The evaluated geometries were concluded in Table 2 (point angle = 60°, 100°and 160°; helix angle = 10°, 30°and 55°; web thickness = 25%, 40% and 50%). Between the drilling, a 10-min time interval was used to allow the cooling of bone specimens to room temperature. A total of three femurs were used for this ex vivo bone-drilling test.
Results and discussion
Bone temperature elevations Figure 4(a) shows the bone temperature elevation with different point angle in the range of 60°to 170°. The values of other drill bit geometries were set as follows: drill bit diameter = 4.5 mm, helix angle = 30°and web thickness = 18. As can be seen, there was no significant difference of bone temperature rise when point angles were varied from 60°to 100°. However, maximum bone temperature decreased with increasing point angle from 100°until it reached a minimum value (51.7°C) at 140°and thereafter increased at higher point angle (150-170°). Previous studies evidenced the similar trend of insignificant bone temperature rise with different point angles in the range of 70-90°3 0 and 80-120°. 29 Interestingly, bone temperature decreased to a minimum value (point angle = 100-140°), which indicates that larger point angles produce faster full engagement (better bite) of cutting lips and the bone. Hence, the drill bit can cut the bone efficiently and shorten the drilling time. Consequently, less friction time between the drill bit and the bone, which translates to less heat generation. Furthermore, the larger point angles produce narrower chips because of the reduce of the length of the cutting edge. Therefore, the axial force is decreased and results in the lower heat generation. 47 Farnworth and Burton 48 demonstrated that smaller point angles (80-90°) tend to jam as they pass through cortex due to poor bite on the bone. The results corroborate the finding of previous works. [49] [50] [51] It was discovered that point angle of 118°produced smaller torque 49 and high cutting efficiency 50,51 compared with point angle of 60°and 90°. In contrary, larger point angles (150-170°) produce higher heat generation due to the increase of shear deformation of bone with point angles as reported by Lee et al. 26 and Sui et al. 25 The influence of helix angles on bone temperature elevations is presented in Figure 4 (b). As can be seen on the regression line, maximum bone temperature increased with increasing helix angles until it reached maximum value at helix angle of 40°(70.0°C). This can be explained by the amount of bone chips removed by small helix angles during the drilling process. The small helix angles are capable of evacuating large amount of bone chips out of the drilling hole, 3 which can increase the amount of heat being removed from the drilling hole. 26 Moreover, the effect of the high chip-stream flow produced by smaller helix angles is more predominant despite the high thrust force induced by smaller helix angles. Similarly, Fuchsberger 33 suggested a small helix angles in the range of 12°to 15°to minimize bone temperature elevation. After the maximum point, bone temperatures were found to be decreased by approximately 10% for helix angle of 45°a nd 50°. This could be attributed to the lower thrust force and torque produced by high helix angles, which outweighed the influence of little bone chips evacuation by high helix angles. This supports the optimum conditions suggested by Natali et al. 31 The variation of maximum bone temperatures with web thickness is shown in Figure 4(c) . In this study, web thickness was measured by percentage of the drill bit diameter. It can be seen that the maximum bone temperature appears to increase with increasing percentage of web thickness. The highest maximum bone temperature was observed at web thickness of 50% (63.9°C). This effect can be explained by the higher friction energy produced by high web thickness, where contact area between drill bit and bone increased with increasing web thickness. As discussed before, higher friction energy translates into large heat production and hence, increases the bone temperature. These results differ from the study of Sui et al., 25 but they are broadly consistent with earlier work of Farnworth and Burton. 48 They concluded that small web thickness in approximately 18% from the drill bit diameter was suitable for surgical drill bit. Furthermore, increasing web thickness can increase the thrust force significantly 48 and hence, increase the bone temperature elevation. 52 The positioning ability also decreases with web thickness since the bite of the cutting lips on the bone is reduced. In recent study, web thinning was proposed by Sugita et al. 53 to improve the drill bit's bite on the workpiece, reduce the drilling force and maximize temperature. Figure 5 shows the bone temperature distribution along the radial axis distance at the depth of 5 mm from the bone top surface. To evaluate the thermal necrosis risk regions, the bone temperature of 47°C was set as the critical value. The osteonecrosis risk regions were approximately plateaued (6.99-7.65 mm) with point angles of 60°to 90°. As previously discussed, there was no significant change in maximum bone temperature with point angles in this range. Therefore, it is expected that thermal osteonecrosis risk regions provide approximately similar size in this range. The osteonecrosis risk regions gradually decreased from 6.58 mm (point angle = 100°) until it reached minimum value of 5.26 mm (point angle = 120°) and thereafter slightly increased to 5.64 for point angle of 130°. The risk regions then plateaued again in the range of 5.78 mm to 6.16 mm for point angles of 150°to 170°. These results corroborate that point angles in the range of 110 to 140°produced small regions of thermal osteonecrosis, which in an agreement with the minimum bone temperature elevations by the point angles of 110 to 140°a s previously mentioned. The contours for temperature distribution and thermal osteonecrosis regions for different helix angles at depth of 5 mm are shown in Figure 6 . In general, similar trends have been observed between thermal osteonecrosis risk regions and bone temperature rise with helix angle. The maximum thermal osteonecrosis region was observed at helix angle of 55°(9.68 mm). However, interestingly, the smallest thermal osteonecrosis region was discovered at angle of 30°(4.87 mm) and not at the smallest helix angle. From previous discussion, helix angles in the range of 5°to 30°produced small bone temperature elevations and these results confirm that small helix angles generate small thermal osteonecrosis risk regions.
Thermal osteonecrosis risk regions
In Figure 7 , the thermal osteonecrosis regions with different web thicknesses at depth of 5 mm are presented. In the view of results obtained, thermal osteonecrosis regions show a slight increase in the range of 5% to 40% web thickness. However, a sharp increase of risk regions (25.5% increase) was seen with web thickness of 45% and 50% web thickness. The smallest risk region was 4.61 mm at 5% web thickness. This web thickness fell into small web thickness category (less than 16%). The web thickness determines the torsional strength of the drill bit. Small web thickness provides small core to the drill bit and hence, less strength and therefore, tends to break easily. It is usually coupled with fast helix to drill soft material. While it is desired to have less bone temperature elevation and thermal osteonecrosis risk region, further study is needed to assess whether 5% of web thickness can endure the bone-drilling process without breaking.
Experimental validation of drilling simulations
For validation of the drilling simulation, bone temperatures at depth of 4 mm and 0.5 mm distance from the drilling hole are compared. The comparison of bone temperature elevation with respect to point angle is shown in Figure 8(a) . The simulated bone fit well with ex vivo bone-drilling results and the maximum temperature difference between simulations and experiments was at the point angle 100°(2.4°C). Figure 8(b) shows the comparison of temperature elevation with three helix angles (10°, 30°and 55°) between drilling simulations and ex vivo bone-drilling experiments. As can be seen, only the result for 55°helix angle from the drilling simulation is not accurate. The possible reason for this is that the temperature distribution of the drilling simulation at this situation is higher than the real heat generated during bone drilling. As seen in Figure  8 (c), the drilling simulation results for bone temperature elevation with respect to the web thickness are quite accurate compared with ex vivo bone-drilling results. The minimum difference between simulation results and experimental results is 0.6°C for 40% web thickness. These results confirm that the bone temperature elevation in drilling simulations are close compared with experimental results and we believe that the accuracy of the drilling simulation is acceptable.
Our ex vivo bone-drilling test presents one of the limitations of our study. Slaughtered bovine femur does not replicate an in-vivo human testing situation and hence, may not produce similar results due to the effect of blood flow in a living human. However, it was reported the effect of cooling from blood perfusion can be ignored due to their extremely low value. 3 Another limitation is the bovine femurs may be obtained from younger cows, and this may cause selection bias due to young cows may not possess the bone properties close to human femur. However, close agreement between simulation results and experimental bone drilling suggests that the bone specimens provide adequate human bone substitute.
Conclusion
This study is set out to examine the relationship between drill bit geometries, namely, point angle, helix and web thickness with maximum bone temperature elevation and generated thermal osteonecrosis risk regions. The investigation has concluded that the following: 1. The drilling simulations with drill bit and bone model developed in this study could approximate the bone temperature elevation with good accuracy.
2. In general, the bone temperature decreased with increasing point angles, decreasing helix angles and reducing web thicknesses. 3. The optimum conditions for minimum bone temperature elevation and small thermal osteonecrosis risk regions are point angle in the range of 110°to 130°, helix angle in the range of 5°to 30°and web thickness in the range of 5% to 40%.
The observations from this study suggest that the optimum surgical drill bit can be discovered considering the geometry effects to the bone temperature elevation and thermal osteonecrosis regions. This work has opened up several questions that need further investigation. Further work is needed to establish what is the best point angle, helix angle and web thickness for clinical bone drilling to minimize the thermal insults to the bone and neighboring tissues.
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